We propose a new framework of low-scale gauge-mediated supersymmetry (SUSY) breaking with a gravitino mass of O(100) TeV. The usual 4D gauge mediation models predict a light gravitino and suffer from cosmological problems. In our framework, a heavy gravitino in gauge mediation is realized with a flat extra-dimension, whose compactification scale is around the grand unified theory scale. Superparticle masses of the visible sector from gravity/anomaly mediation are suppressed, and they are purely generated by usual gauge mediation on the visible brane. Importantly, the Higgs B µ -term vanishes at the leading order, which enables us to obtain the suitable µ-B µ relation for the electroweak symmetry breaking. We discuss such models considering two possibilities of the SUSY breaking source: 1) Scherk-Schwarz SUSY breaking which we call Scherk-Schwarz Gauge Mediation and 2) gravitational SUSY breaking localized on a hidden brane. In the case 2), the cosmological moduli problem may be relaxed as well.
Introduction
Gauge mediation is an attractive mechanism to mediate supersymmetry (SUSY) breaking into ordinary superparticles [1, 2] (for reviews, see e.g. [3, 4] ). The mediation is achieved through the standard model (SM) gauge interactions. Since the SM gauge interactions are flavor blind, it can suppress dangerous flavor changing neutral currents (FCNCs). Gravity mediation effects do not spoil this advantage if the mediation scale is much smaller than the Planck scale. The gravitino mass is, therefore, typically smaller than the weak scale in the gauge mediation scenario. However, the gravitino with mass m 3/2 > O(10) eV can raise cosmological problems such as over-closure of the universe [5] . Only low-scale SUSY breaking with a gravitino mass as light as 1-16 eV is allowed [6] , but in this case, we encounter the constraint from vacuum instability in general [7, 8] , 1 and most cases are already excluded by SUSY searches at the Large Hadron Collider (LHC).
In this paper, we propose a new framework of gauge mediation models in which the gravitino mass is O(100) TeV. 2 Since such a heavy gravitino decays before the Big Bang Nucleosynthesis (BBN), it does not spoil the success of the BBN and can address the gravitino problem. In order to achieve such a mass spectrum, we introduce a flat extra dimension, a S 1 /Z 2 orbifold, as small as the unification scale. All the SM multiplets as well as the messenger sector fields are localized on a brane at the fixed point. On the other hand, a hidden gauge multiplet propagates in the entire 5 dimensional (5D) space. As the SUSY breaking source, we discuss two possibilities: 1) Scherk-Schwarz SUSY breaking and 2) gravitational SUSY breaking localized on a hidden brane.
In the first scenario which we call Scherk-Schwarz Gauge Mediation (SSGM), SUSY breaking is provided by the Scherk-Schwarz mechanism [23] . 3 Since a hidden gauge multiplet propagates in the entire 5D space, the hidden gaugino mass is generated at the gravitino mass scale. The SUSY breaking in the messenger sector is generated by radiative corrections via hidden gauge charged fields on the visible brane.
The point is that the F -term of the so-called chiral compensator field is much smaller than the gravitino mass [33, 34] . Thus, anomaly mediation effects [35, 36] are tiny in this scenario. The Higgs B µ -term vanishes at the leading order and the correct µ-B µ relation for the electroweak symmetry breaking (EWSB) can be obtained [37] . As a result, the soft masses 1 For general arguments on the relation between the gaugino mass and the vacuum structure, see [9, 10] . 2 Gauge mediation with a gravitino mass at the weak scale was presented in [11, 12] . Reference [13] discussed a possibility of gauge mediation with a heavy gravitino in the context of the emergent SUSY [14] [15] [16] [17] where the standard cosmology is significantly affected by a warped extra dimension. See also [18] [19] [20] [21] [22] . 3 Scherk-Schwarz SUSY breaking models have been studied in e.g. [24] [25] [26] [27] [28] . For more recent works, see [29] [30] [31] [32] .
of ordinary superparticles are simply generated by gauge mediation while the gravitino is very heavy. The mass spectrum of the minimal supersymmetric standard model (MSSM) is the same as the usual gauge mediation spectrum except the gravitino mass. In general cases of the messenger sector or the Higgs sector, the lightest supersymmetric particle (LSP) can be the weakly interacting massive particle (WIMP) and a candidate of the dark matter.
Although we consider the Scherk-Schwarz mechanism in the first scenario, it is not necessarily required to achieve such sparticle mass spectra. Actually, in the second scenario, we consider gravitational SUSY breaking [38] on the hidden brane and show the similar spectra as the first scenario. A shift symmetry of the SUSY breaking field [37] forbids dependence on the SUSY breaking field in the superpotential, and the compensator F -term is still zero for the vanishing cosmological constant, as in the Scherk-Schwarz case.
The rest is organized as follows. In the next section, we present a model of the SSGM and estimate the mediated SUSY breaking in the visible sector. The brane-localized SUSY breaking case is considered in section 3. Section 4 is devoted to conclusions and discussions.
Scherk-Schwarz Gauge Mediation
We consider a flat 5D space whose fifth dimension is compactified on an Scherk-Schwarz SUSY breaking Let us now consider the Scherk-Schwarz mechanism of SUSY breaking. The Scherk-Schwarz breaking is known to be equivalent to the radion F -term breaking [33, 39] (for a recent discussion, see [40] ). The simplest model to get an F -term of the radion, T = πR + θ 2 F T , is the no-scale model [41] . 4 The effective 4D Lagrangian is given
where φ = 1 + θ 2 F φ is the chiral compensator and C is a constant superpotential with mass dimension 3 localized on one or both of the branes. From this Lagrangian, we obtain
and a vanishing radion potential at tree-level. Then, with a nonzero C, SUSY is spontaneously broken and the cosmological constant is zero. The fermion component of T is the would-be goldstino absorbed by the gravitino. The gravitino mass is given by
We take m 3/2 = O(100) TeV so that gauge mediation works as we will see below. A small constant C compared to the naive value M 3 5 is due to an approximate R-symmetry. Now, we transmit the SUSY breaking effect to the messenger sector. For this purpose, we consider the hidden SU (N ) in the bulk. The hidden gaugino zero mode gets a soft SUSY breaking mass by the coupling of the gauge field strength superfield with the radion T :
This hidden gaugino mass induces a SUSY breaking B-term of the messenger superfields, which is required for gauge mediation, as shown below. The hidden gauge interaction is asymptotically free below the compactification scale and finally confines. We assume that the confinement scale is lower than the messenger mass scale.
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The messenger sector Let us then focus on the messenger sector and consider the following superpotential [11, 42] , where X is a gauge singlet, Q andQ are fundamental and anti-fundamental under the hidden SU (N ) and λ 1 , λ m , κ are real coupling constants. The above superpotential is protected by a Z 4R × Z 3 symmetry, 6 where the R-charge of X equals 2 and the other fields have vanishing R-charges. The Z 3 charges of the fields shown in Eq.(2.6) are equal to 1, while the charges of the MSSM fields are 0. From radiative corrections, X has a negative soft mass and X gets a vacuum expectation value (VEV) and an F -term, which becomes a source of gauge mediation. The radiative corrections can be estimated by the renormalization group running from the compactification scale to the messenger mass scale. The relevant renormalization group equations are shown in Appendix A. In Fig. 1 , we show the renormalization group running of the gauge coupling and gaugino mass of the hidden SU (N ). With positive soft masses squared for Q andQ of ∼ 10 2 m 2 3/2 , they are stabilized at the origin, and we have the mass term of the messenger scalars,
where X is determined by the scalar potential:
with |m
Here, A m and A κ are the A-terms of XΨΨ and X 3 in the superpotential (2.6). The predicted spectrum is the same as that of the minimal gauge 6 The Z 3 symmetry has Z 3 -SU (N )-SU (N ) anomaly, which makes a domain wall unstable.
mediation, with identification of the parameters,
where M mess is the messenger scale and Λ m ∼ m 3/2 . Numerically, we obtain Λ m ≈ −2.0 m 3/2
for a reasonable choice of the parameters,
where M UV = L −1 and N = 3 is taken. Then, the SUSY breaking soft mass parameters for the MSSM particles are given by 11) where N 5 is the number of vectorlike pairs of the messengers and C i 2 (i = 3, 2, 1) is a quadratic Casimir for the SM gauge group. Here, we stress again that anomaly mediation effects are suppressed because the F -term of the compensator F φ is tiny as in (2.3). To obtain the Higgsino mass, we can write down the usual µ-term in the superpotential on the visible brane. By virtue of F φ ≈ 0, a too large B µ -term is not generated and the correct µ-B µ relation is obtained in the SSGM framework.
Let us comment on a possible modification to the MSSM mass spectrum from gravitational interactions. The 5D gravitational multiplet in the bulk can mediate SUSY breaking of the radion T into the ordinary sector. The relevant one-loop effective Kähler potential is [43] 12) where q denotes the SM matter fields collectively. This term gives a universal contribution to the soft masses of the sfermions, and it does not cause dangerous FCNC processes. The contribution is proportional to the radion F -term,
This is sub-leading when M 4 L > O(100) is satisfied. Therefore, gauge mediation gives the leading contribution to the soft masses of ordinary superparticles in the SSGM scenario.
Phenomenology As discussed above, the MSSM mass spectrum of this scenario is the same as the usual gauge mediation spectrum except the gravitino mass. [48] [49] [50] . The MSSM mass spectra with the vector-like matter fields and the implications to LHC SUSY searches in a context of gauge mediation have been investigated extensively in Refs. [51, 52] , and it has been shown that there is a consistent solution with B µ = 0 at the messenger scale [52] . At the point III in Table 1 , the vector-like matter superfields which transform 10 and 10 under the SU (5) gauge group of the grand unified theory (GUT) are introduced as
where 10 = (Q ,Ū ,Ē ) and 10 = (Q , U , E ). In the calculation, we use Suspect package [53] with appropriate modifications, and radiative corrections to the Higgs boson mass from the MSSM particles are evaluated using FeynHiggs 2.11.2. The parameters, y and M 10 , are taken as y = 1.0 and M 10 = 1200 GeV at the weak scale. Although we use the condition that B µ = 0 at the messenger scale, the predicted value of tan β is not as large as those in the points I and II due to stronger interactions of the SM gauge group, and the LSP is the lightest neutralino. The SUSY mass scale is much smaller than the former two cases, which can be tested at the LHC. Table 1 : Mass spectra in sample points under the condition that B µ = 0 at the messenger scale. For the point III, the supersymmetric mass for the vector-like matter fields is taken to be 1200 GeV.
The other usual extensions to obtain the 125 GeV Higgs mass with a light sparticle spectrum in gauge mediation can also work. An investigation of the relation between such extensions and the WIMP dark matter possibility would be interesting, but it is beyond the scope of this paper.
Brane localized gravitational SUSY breaking
For gauge mediation with a very heavy gravitino, the Scherk-Schwarz mechanism is not necessarily required. Here we also propose another gauge mediation scenario with a heavy gravitino considering gravitational SUSY breaking [37, 38] on the hidden brane at y = πR.
By assuming a shift symmetry of a SUSY breaking field Z (which is slightly broken in the Kähler potential) [37] , the Z dependence in the superpotential vanishes and the compensator F -term becomes zero as in the Scherk-Schwarz case. We consider the following 4D effective Lagrangian:
where x = (Z + Z † )/M 5 , and the above Lagrangian is invariant under the shift, Z → Z + iR (R is a real constant). Here, the first term comes from the radion contribution. The scalar potential is given by
where
+f (x), and f denotes a derivative of f in terms of x. Using the equations of motion of the F -terms, the potential reduces to a simple form as V = −3CF φ . Then, the vanishing cosmological constant is obtained for F φ = 0 or C = 0.
For C = 0, SUSY is broken as follows. The F -terms are given by
( 3.3)
The apparent solution to F φ = 0 is f = 0, then the SUSY is broken with F Z = 0. The minimum is found for f (3) (x) = 0. For the canonically normalized Z, | F Z | = √ 3m 3/2 M 4 . As in the Scherk-Schwarz case, a hidden gauge multiplet propagates in the 5D space. The hidden gaugino mass arises from the hidden brane localized coupling between Z and the field strength superfield:
where c Z is a constant and
Here, λ a α denotes the canonically normalized gaugino zero mode. Then, the hidden gaugino gets a mass of ∼ m 3/2 for c Z /k ∼ 2. The messenger sector is the same as that in the Scherk-Schwarz case and gauge mediation with a very heavy gravitino is realized. Note that there is a radiative correction to the MSSM scalar masses from the exchange of the gravity multiplet in the bulk.
The effect turns out to be flavor universal and its size is very similar to Eq.(2.13) [43] . Finally, let us comment on the mass of the imaginary part of the SUSY breaking field Z.
The shift-symmetry breaking in the Kähler potential may arise from radiative corrections as 5) where is a small constant. This leads to ∆V ∼ | F Z /M 5 | 2 |Z| 2 , and the imaginary part gets a mass of
Since the mass of the real part can be much larger than the gravitino mass due to the lower cutoff scale M 5 , the cosmological moduli problem is also relaxed in this setup.
Conclusion and discussions
In this paper, we propose a new framework of gauge mediation where the gravitino mass is O(100) TeV. We consider a flat extra dimension, a S 1 /Z 2 orbifold, and assume that all the SM multiplets as well as the messenger fields are localized on a brane at the fixed point.
We consider two possibilities: 1) Scherk-Schwarz SUSY breaking and 2) gravitational SUSY breaking localized on the hidden brane as the SUSY breaking source, which is mediated to the messenger sector by radiative corrections from hidden gaugino loops. In both scenarios, the compensator F -term can be substantially small and the anomaly mediation contribution can be ignored. The MSSM mass spectrum is, therefore, the same as that of usual gauge mediation except the gravitino mass in this scenario. Due to the vanishing F -term of the compensator field at the tree-level, the Higgs B µ /µ term is much smaller than the gravitino mass. The EWSB conditions are satisfied with, for instance, vanishing B µ at the messenger scale, taking into account radiative corrections from bino, wino and gluino loops. It is also the accessible range of future LHC experiments. Finally, we comment on the cosmological moduli problem. In the gravitational SUSY breaking case, we have shown that the moduli can get masses around or heavier than the gravitino mass. In this case, the cosmological moduli problem is somewhat relaxed due to a relatively short life-time, but the overproduction of the gravitino is still problematic in general [54] . Since subsequent decays of gravitinos may produce too many LSPs, the Rparity violation (or the equivalent interaction) may be required. Alternatively, if the modulus coupling to the inflaton is strong, the overproduction of the LSP can be avoided [55, 56] .
In Scherk-Schwarz SUSY breaking, we assume a desirable stabilization mechanism of the radius of the extra dimension. However, in general, the moduli masses highly depend on the stabilization mechanism, which requires further investigation.
Note added While completing this manuscript, Ref. [57] was posted on arXiv, which has a very similar motivation but a different realization of gauge mediation. 
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A Renormalization group equations
The one-loop renormalization group equations of the parameters in the messenger sector are
shown. Here, a pair of messenger superfields, which are 5 and5 in the SU (5), is introduced. The contributions from the SM gauge interactions are neglected for simplicity.
(A.1) where P Q ∼ 10 10 GeV is the PQ breaking scale and M 5 ∼ 10 17 GeV. The dimension 5
proton decay operator, 10 10 105, is highly suppressed by the Z 4R and PQ-symmetry. One can also consider a charge assignment, which reproduces ordinary R-parity conserving interactions, with R(H u ) = 0, R(H d ) = 2 and R(10) = 3, R(5) = 1. The PQ-breaking field, P Q , has a R-charge of 2 in this case.
